ABSTRACT. Preservation of historical constructions, and passing it on to future generations, is a major issue in modern societies. Earthquakes are one of the major causes of damages to heritage buildings across the world. The city of Sobral (Ceará State, Brazil) keeps in its historic center a large number of heritage buildings and, since 2008, an intense seismic activity has been observed. This study aims to contribute to the preservation of the Sobral heritage constructions against seismic loads through the assessment of the seismic behavior of one representative building: the Nossa Senhora das Dores Church, a 19 th century historical construction. First, a 3D finite element (FE) model was built and tuned according to the results of dynamic tests performed under environmental loads. Next, the FE model was employed to assess the seismic behavior of the church by performing linear time-history analyses employing two real earthquakes. The results showed big displacements and high stresses in many parts of the church, allowing to identify the most critical and most susceptible to damage areas (based on the seismic scenarios considered). These results can be considered as a support for seismic retrofitting measures to be adopted on Sobral heritage constructions.
INTRODUCTION
za, the capital city, and, since 2008, an intense seismic activity has been observed in Sobral region where, according to [21] , at 05/21/2008 an earthquake of 4.2 m b magnitude was registered. The city of Sobral preserves a large number of heritage constructions in its historic center, which is one of the biggest and most important of Brazil with more than 1,200 buildings listed by the National Historic and Artistic Heritage Institute (IPHAN). Thus, aiming to contribute to preservation and safety of Sobral heritage constructions under seismic actions, this paper presents a seismic behavior assessment of a very important heritage construction from Sobral historic center, namely Nossa Senhora das Dores Church, a structure dating back the beginning of the 19 th century, built in solid bricks masonry and located near Acaraú River. In a first part of the paper, few remarks about the Brazilian seismicity and the geometric and constructive features of the Nossa Senhora das Dores Church are reported. Subsequently, the FE model of the church and the numerical linear time-history analyses performed employing two real earthquakes are discussed. The analyses were developed assuming the masonry mechanical behavior as a linear one; this means that the results herein described do not account for the cracking and the crushing phenomena that may be activated during the seismic event. A more refined analysis should be made taking into account the non-linear behavior of masonry, after a refined experimental investigation aimed at evaluating the material properties needed to implement the non-linear material laws [22, 23] . The seismic analysis herein reported was hence aimed at a preliminary evaluation of the potential effects induced by seismic loading, assessing the structural elements that require a detailed and specific investigation.
THE BRAZILIAN SEISMICITY: REGIONAL AND NORMATIVE ASPECTS
map of the South America seismic hazard, produced by United States Geological Survey (USGS), is shown in Fig. 1 .(a): Peak Ground Accelerations (PGA) are reported both in m/s 2 and as a fraction of g (the acceleration due to gravity) with a 10% probability of being exceeded in 50 years [24] . This figure shows that there is a large part of Brazil where there is not seismic activity or it is practically null (white area), however, in the northeast region of the country is possible to observe a small area seismically active, more precisely, the area between the states of Ceará, Rio Grande do Norte and Paraiba, that have considerable values of PGA, ranging between 0.02 g and 0.25 g. Fig. 1.(b) shows the Brazilian seismic catalog which, according to [19] indicates all the earthquakes already cataloged in the country from 1720 to 2016. The map includes ancient and recent earthquakes, and only superficial earthquakes are shown (i.e. depth <50 km). The blue circles are epicentres of historical earthquakes with magnitude estimated from the macrosimic effects. The red circles are epicentres of earthquakes recorded by seismographic stations. The empty circles -in the Andes -are epicentres of earthquakes in which the seismic waves have caused the oscillation of tall buildings in some Brazilian cities. Fig. 1 confirms that the northern part of the Ceará State, where the city of Sobral is located, has been affected by an intense seismic activity. As reported above, the city of Sobral is located in the north region of the Ceará State, and the Ceará State is located in the northeast region of Brazil. Sobral City is 230 km away from the capital city, Fortaleza. The Ceará State is located in a seis- Until 2005, the Brazil did not have a seismic code; only in 2006 the "NBR 15421: Design of seismic resistant structuresProcedure" was published [20] . The current Brazilian norm requires that the structures on the Brazilian territory must be designed and built in order to withstand the effects of seismic loads. This standard defines the seismic loads, according to the Brazilian seismicity, and the methods of design and evaluation of the structures to be used. According to [26] , for the elaboration of NBR 15421, a large study was developed in which a comparative analysis of the seismic technical standards of six South American countries was carried out observing their geographical continuity with Brazil. This allowed to de-
fine the five Brazilian seismic zones presented in Fig. 3 
THE NOSSA SENHORA DAS DORES CHURCH
he Nossa Senhora das Dores Church (Fig. 4) is one of the most important historical buildings of the Sobral historic center, near the Acaraú River. Sobral is a city 345 years old, that keeps one of the largest and most important historic city centers of Brazil, with over around 1,200 properties registered by National Historic and Artistic Heritage Institute (IPHAN). This structure was chosen as case study being representative of the studies that should be performed on the Brazilian heritage constructions. 
T
The church dates back from the beginning of the 19 th century and was built in a place where there was a small niche in the old Rio street, near the Acaraú River [27] . This church is very close to the Igreja da Sé of Sobral, and next to the urbanization of the near left of the Acaraú River. Its structure is composed of clay bricks masonry, and the church was built using local constructive techniques. The church's geometry, shown in Fig. 5 , is almost regular with a length of about 26.2 m and a width of about 11.9 m; there is a lateral tower 20.50 m high. The structure is divided in a Central Nave (about 6.5 m  16.0 m) and in a Lateral Nave (about 3.2 m  12.0 m), separated by two columns and three arches. The Coro-Alto, the Altar-Mor and an office are located at the end of the building (Fig. 5) .
Finite element modeling
Based on a geometric survey, provided by IPHAN-CE, and on the geometric characteristics observed by visual inspection, a 3D numerical model of the Nossa Senhora das Dores Church was built (Fig. 6) . To build the 3D FE model some simplifications were done, aimed to reduce possible discontinuities in the finite element mesh. The architectural details of the main façade, the reinforced-concrete (RC) stair, the roofs and the Coro-Alto were not included in the model, but their respective loads and masses were applied on the corresponding walls. The FE model was built with the commercial code ANSYS; SOLID187 tetrahedral elements with quadratic displacement behavior were employed (the finite element is defined by 10 nodes having three degrees of freedom at each node). A mesh-size of about 500 mm was adopted and the final FE model, shown in Fig. 6 , was built with 53,889 elements and 93,380 nodes. With respect to the loads and weights of the structural elements, the following assumptions have been made. The stair loading was assumed, according to [28] , equal to 2.50 kN/m 2 ; this load was assumed uniformly distributed at the top surface of the four tower walls. To evaluate the Coro-Alto load, a timber type Pine was considered with specific weigh equal to 5.0 kN/m 3 . Taking into account the geometric dimensions of the Coro-Alto, its corresponding load is equal to 1.25 kN/m 2 . The roof is a timber structure where the ceiling tiles are supported. At the intrados of the roof, a ceiling plasteras usually adopted in the Sobral region -is fixed at the timber structure. For the ceiling plaster a loading value of 0.60 kN/m 2 was adopted, the same adopted by [29] . For the roof load, a load of 1.30 kN/m 2 , the same adopted in [30] , was used. This leads to a total load of 1.90 kN/m 2 . Considering an additional extra-load of 50% of the total load (0.95 kN/m 2 ), the total load of the roof was equal to 2.85 kN/m 2 . The roof load was distributed along of the walls that support the roofs element. The final applied loads in the numerical simulations are summarized in Tab. 1.
2.50 1.25 2.85 The mechanical properties of the masonry are -obviously -key parameters, being the performance of the numerical model closely connected to their value. Concerning the estimation of the mechanical properties of the clay brick, the values reported in the literature due to the impossibility to proceed with experimental in situ characterization were preliminarily considered. The Young's modulus (E), the specific weight (W) and the compressive strength (f c ) were obtained by the Italian recommendation "Norme Tecniche per le Costruzioni (NTC2008)" [31] , taking into account as masonry type "Muratura in mattoni pieni e malta di calce" (full brick masonry with lime mortar). The tensile strength of the masonry (ft), was assumed as 5% of the compressive strength (fc). For the Poisson coefficient (ν), a value of 0.20 was considered, as commonly adopted in many studies [29, 32, 33] . Tab. 2 reports the mechanical properties of the clay brick masonry adopted in the numerical model.
Calibration of the mechanical properties
The numerical model of the Nossa Senhora das Dores Church was subsequently calibrated based on the experimental results obtained by performing environmental vibration tests (EVT). From the EVT, three testing positions were recorded and the Fourier Spectrum on the two principal directions of the Church was calculated. The obtained results are shown in . Analyzing the two spectra, it can be inferred that the first 3 natural frequencies of the church are included in the range between 2.00 Hz and 3.50 Hz. Analyzing the frequencies with the highest amplitude with respect to each main direction of the church, the first fundamental frequency resulted 2.391 Hz in the X direction, the second was 2.880 Hz also in the X direction since the amplitude of the first two peaks in the X direction is greater than in Y direction. The third natural frequency was obtained in the Y direction, with the third peak of the spectrum in Fig. 7 .(b), and was characterized as 3.125 Hz because in this direction its amplitude is greater than the third peak of spectrum in Fig. 7 .(a). The elastic parameters of the FE model were hence calibrated in order to fit the natural frequencies obtained by the EVT, assuming as starting values the ones estimated in accordance with the Italian recommendation [31] . The specific weight and the masses have been keeping constant, and the Young's Modulus has been iteratively updated (within the range from 1.50 GPa to 1.75 GPa) in order to fit the experimental values. The first three natural frequencies were assumed sufficient for the calibration. It is worth noting that, after calibrating the Young's Modulus in order to reproduce the first numerical natural frequency, a good adherence between experimental and numerical results was also obtained for the second and third frequency, denoting that the numerical model reproduces correctly stiffness and masses of the church. In literature is rather usual the use of ambient vibration testing information for calibration of numerical models, summarizing the natural frequencies information about the modal parameters of the structure [34, 35, 36, 37, 38, 39] ; usually, an error between experimental and numerical results up to about 5 % is considered acceptable. In the present calibration the biggest error -obtained as the difference between the natural frequency of the structure extracted by ambient vibration test and the natural frequency extracted by numerical analysis -was 2.6 %, therefore the calibration has been considered successful (taking into account both the aim of the numerical model and its refinement). The elastic mechanical properties of the clay brick masonry after model updating are summarized in Tab. Analyzing the numerical modal shapes of the church (Fig. 8) , it is possible to observe that the first mode shape involves the translation in the weakest transversal direction (X direction) of the wall of the North lateral façade, with significant out-of-plane deformation (out-of-plane mode of the longitudinal wall). The second and third modal shapes are still local modes, involving out-of-plane deformation of the façade, of the lateral walls and the central arches and the lateral tower. The distribution of the mode shapes demonstrates that the church displays low transversal and torsional stiffness, with significant out-of-plane deformations of the elements. This demonstrates that the dynamic response of the Church is strongly affected by the local behavior of elementary macro-elements. It is possible to observe that the participating masses of each mode of vibration are affected by high dispersion: the distribution of the first 100 vibration modes (in the longitudinal and transversal direction) is reported in Figure 9 .(a). The modal participating mass ratios (ME) is plotted as a function of the corresponding period (T), and it is possible to observe that almost all vibration modes have modal participating mass ratio less than 10-15%. As the participating mass ratio of each vibration mode is small, it is necessary to take into account about the first 100 modes to describe the dynamic behavior of the Church: the cumulative modal mass ratio is reported in Figure 9 .(b). In general, it is possible to observe that the first mode associated with not negligible participating mass is a transversal mode, namely the first out-of-plane mode of the longitudinal walls of the main nave. Dispersion of vibration modes for such typology of structures has been already observed by other authors [40, 41, 42] and this can be considered a specific structural characteristic of these structures, in contrast with ordinary or modern buildings where the modal participating mass is generally greater than 70% and the first three modes give a cumulative mass generally greater than 85%. In addition, the results shown by the modal analyses are in agreement with the observation of the systematic analysis of the damage suffered by the churches after major earthquakes, that highlight that the church seismic behavior is predominantly ruled by the activation of local collapse mechanisms on several macro-elements [41, 43, 44, 45, 46] . As a consequence, only in the case of churches with symmetric plan layout and with effective connections between the various macro-elements, it could be significant to perform the safety checks with a pushover approach. The results of the modal analysis, in addition, show that no one of the first modes activates a relevant mass percentage, thus making doubtful the evaluation of the equivalent single-degree-of-freedom (SDOF) oscillator needed to perform the seismic check. Moreover, since the structure did not show a global box-behavior, it is not possible to identify a single control point representative of the whole model, which might uniquely define the structural capacity [47, 48] . Taking into account these remarks, which substantially highlight the criticism of the pushover approach for such structural typology, linear time-history analyses have been herein performed to have a preliminary evaluation of the potential effects induced by seismic loading.
Static analysis
The identified numerical model has been preliminarily employed to perform a static analysis under dead and live loads. Positive values of normal stress can be mainly identified in the surrounding opened regions, like the arches in the doors and the windows. In the main façades, positive values of normal stress indicated the existence of tensile stresses especially between the top of the arches of the doors and the bottom of the windows, while negative values of normal stress are related to compression. However, 0.69 MPa was the maximum value of the compressive stress, while the maximum value of (a) 
Seismic analysis
To analyze the seismic behavior of the church, linear time-history analyses of the structure were performed. Due to the absence of natural records of Brazilian earthquakes, records of real earthquakes occurred in other countries were used. The church was subjected to two earthquakes of different magnitudes with time-length of 30 s each one. As Earthquake 1, obtained by [49] , the three components of the accelerogram of the San Juan de los Llanos earthquake (Fig. 11 ) occurred on 06/15/2014, 36 km from Ometepec, Guerrero, Mexico, of magnitude 4.1 with peak ground acceleration of 0.048 g on the component N00W was used. This earthquake was selected because its peak ground acceleration is very close to the value of the soil acceleration of the Sobral city which, according to the seismic zoning of [20] , is located in Zone 1 with a maximum acceleration of 0.05 g. In addition, the magnitude of this earthquake is consistent with the seismic hazard of Sobral city, because the biggest earthquake recorded in this region had a magnitude of 4.2 m b . As Earthquake 2, the three components of the El Centro earthquake ( Fig. 12; [50]), registered in El Centro, California, USA, at 05/18/1940, with a magnitude of 6.9 M w and peak ground acceleration of 0.348 g on the S00E component was adopted. It was used because it is one of the most emblematic earthquakes, and also because in Brazil an earthquake of similar magnitude, according to [19] , was occurred at 1955 in Porto dos Gauchos, State of Mato Grosso and had 6.2 m b . The three accelerograms of each earthquake were applied at the base of the FE model through the transient analysis by modal superposition in ANSYS. The three accelerograms were simultaneously and orthogonally applied in the three axes of the numerical model, as shown in Fig. 12 . For each analysis, an integration interval of 0.02 s and with 30 s length was adopted, thus, the total of points of integration was 1,500.
RESULTS AND DISCUSSIONS

Earthquake 1-San Juan de los Llanos
n Fig. 14 ) show the displacements in the X direction. In this direction the biggest displacement, about 0.5 mm, is observed in three regions, namely: i) the wall of the north lateral façade; ii) part of the region of the central arches that separate the two naves and iii) at the top of the lateral tower. However, the biggest displacement in the X direction is found over the negative X direction and was recorded in a region of the wall of the south lateral façade (with a value of about 0.98 mm). The displacements along the Y direction are shown in Fig. 14.(c) and 14.(d) . The maximum, in the positive direction, about 0.18 mm, is recorded in: i) the center of the wall of the west main façade, ii) the top of the wall of east façade and iii) the top of the main arch that is located in front of the altar-Mor. The biggest displacement over the negative Y direction, about 0.79 mm, was observed at the top of the west main façade. The vertical displacements are represented in Figs. 14.(e) and 14.(f). Vertical displacements are very low; the maximum displacement is 0.08 mm and occurs in the rear diagonal of the lateral tower. The biggest displacement over the negative Z direction is observed at the diagonal of the lateral tower along of the west main façade and its value is equal to 0.10 mm. The maximum and minimum principal stresses are reported in Fig. 15. Analyzing Fig. 15.(a) and 15.(b) , it can be observed that the maximum tensile stress is located in correspondence of the connection between the west main façade and the north lateral façade (about 0.15 MPa). This traction is due to the displacement of the west main façade out of the XZ plane. In some interior regions of the wall of the south lateral façade, tensile stresses of approximately 0.08 MPa are also
found. In the walls of the north lateral façade and the wall of the east façade it can be observed traction zones of 0.07 MPa. The minimum principal stresses (negative values indicates as usual compression stress) are represented in Fig. 15 .
(c) and 15. (d).
Values of about 0.11 MPa can be identified in correspondence of the connection of the wall of the south lateral façade with the wall of a smaller arc located in the rear of the lateral nave. This value is lower than the one obtained with the static analysis (whose value was about 0.69 MPa). These compressive stresses are lower than the assumed compressive strength of the clay brick. However, in other regions of the structure compression stresses were observed, namely: i) the wall of the main west façade and the wall of the north lateral façade, approximately 0.06 MPa; ii) some regions of the wall of north lateral façade, where the stress is between 0.10 MPa to 0.03 MPa. 
A peak of tensile stress (Fig. 16 ) equal to 0.72 MPa at t=5.78 s was observed in correspondence of the connection between the wall of the north lateral façade with the wall of the west main façade. The peak of tensile stress is due to the motion of the upper part of the wall of the west main façade out of the XZ plane. This value is higher than the assumed tensile strength, and it highlights a vulnerability of the pediment of the church (its overturning). Concerning the minimum principal stress, a peak of compression (Fig. 17) was also observed. In this case, this peak was evidenced at t=5.92 s and had a value of 0.71 MPa. A similar value was also found in the connection between the wall of the north lateral façade with the wall of the west main façade. This value is lower than the assumed compression strength (3.20 MPa), but is interesting since it confirms a vulnerability of the church: the overturning of the main façade during the Earthquake 1. Both the maximum principal stress peak (0.72 MPa at t=5.78 s) and the minimum principal stress peak (0.71 MPa at t = 5.92 s) were obtained after the peak ground acceleration of the Earthquake 1 accelerogram (the N00W component was 0.048 g at t=3.64 s, the N90W component was 0.019 g at t=4.45 s and the Vertical component was 0.018 g at t=4.31 s).
Earthquake 2-El Centro
The displacements obtained using the Earthquake 2 are shown in Fig. 18 ; the maximum displacements in the X direction, During the Earthquake 2, a maximum principal stress peak was observed as reported in Fig. 20 . The peak is a tensile stress of about 5.54 MPa at t=10.34 s and is obtained at the base section of a column of the central wall of the structure. The high value denotes a potential collapse the column due to overturning. Other critical zones can be identified, namely: i) the region of connection of the wall of the central arches with the wall of the triumphal arch in front of the altar (which is subjected to a tensile stress of about 2.19 MPa); ii) the region of connection of the wall of central arches with the lateral tower, just above the first arch (with a peak of tensile stress of about 3.30 MPa); iii) the region of connection of the wall of the west main façade with the lateral tower (with a tensile stress of about 1.64 MPa); iv) the upper region of the central arches and the inferior region of the smaller arc, located at the end of the smaller nave (about 2.19 MPa and 3.30 MPa, respectively). In all these regions cracks and/or local collapses are potentially expected during the seismic loading. The time-history of the minimum principal stress is reported in Fig. 21 . It is possible to observe a peak of stress of about 5.66 MPa at t = 10.66 s at the base of the column of the central arch. This region is the same that presented a peak of traction (see Fig. 20 ), and this result is a confirmation of the potential overturning of this central wall during the earthquake. Other regions present high compressive stresses, namely: i) the upper part of the first arc in contact with the lateral tower (a compression of about 3.94 MPa is recorded); ii) the region of connection between the upper part of the wall of the central arches with the wall of the arch in front of the altar and iii) the internal wall of the south lateral façade in
contact with the smaller arch located at the end of the smaller nave (for all these regions, the compressive stresses are about 3.37 MPa). The analysis of the stresses confirms the tendency of the church, over the whole time-history, to behave as a combination of macro-elements that are activated after the potential collapse of the connection between the walls. Both the maximum principal stress peak (5.54 MPa at t=10.34 s) and the minimum principal stress peak (5.67 MPa at t = 10.66 s) over the structure were not close to the peak ground acceleration of the Earthquake 2 accelerograms (the S00E component was 0.348 g at t=2.12 s, the Vertical component was 0.21 g at t=0.98 s; however the S90W component was 0.214 g at t=11.44 s). 
Comparison between the results obtained by Earthquake 1 and Earthquake 2
During the application of Earthquake 1 and Earthquake 2 to the Nossa Senhora das Dores Chruch, directional displacements in the X, Y and Z directions and principal stresses are obtained, as well as the peaks of stress during the 30 s of seismic loading. Because the two earthquakes have different magnitude, different frequency content, different peak ground acceleration and because the peaks are also different between the three components of each earthquake, the results obtained in the two analyzes show significant differences. In Fig. 22.(a) the maximum value of the directional displacements obtained in the two analyzes is reported while Fig. 22.(b) reports and compares the maximum and minimum principal stresses obtained during the two time-histories. The Earthquake 2, as expected, was the one that caused greater displacements and higher stresses. It can be interesting, anyway, to observe that in both cases the biggest displacements over the time-histories are obtained in the X direction (the transversal one), thus confirming the potential overturning of the main nave of the church.
CONCLUSIONS
he paper investigated the seismic behavior of Nossa Senhora das Dores Church, an important heritage construction within the historic city center of Sobral (Ceará State, Brazil). The work aims to contribute to the acquisition of knowledge about seismic the behavior of Brazilian heritage constructions. First, based on the available information, a refined 3D numerical model of the church was build. The elastic properties of the model, after a preliminary estimation, were calibrated according to the results of an experimental investigation (environmental vibration testing aimed to evaluate the main frequency of the structure). Subsequently, the seismic behavior of this structure was assessed by performing linear time-history analyses according to two seismic scenarios: two natural records were considered. The response of the church under the two seismic events was analyzed in the linear field, this means that the obtained results do not account for the cracking and the crushing phenomena that may be activated during the seismic loadings. Consequently, a more refined non-linear time-history analysis should be performed after a refined experimental investigation aimed at evaluating the properties of the materials needed to implement the non-linear material laws. Notwithstanding, the preliminary results herein reported are able to highlight -even if from a qualitative point of view-the most significant elements that characterize the behavior of the structure during the earthquake identifying potential seismic vulnerabilities and deficiencies. By the analysis of the results of the time-histories, it was found, for example, that the church behaves as a combination of independent macro-elements (i.e. without a box-behavior) with first and second mode potential failures. Depending on the earthquake (its magnitude, its PGA and its frequency content), the overturning of the main facade, of the lateral and central walls and pounding between the lateral tower and the confining walls is expected. This suggests possible retrofitting solutions that can be proposed to improve seismic performance, structural safety and construction preservation.
